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ABSTRACT
Aims. We study the co-evolution between the black hole accretion rate (BHAR) and the star formation rate (SFR) in different galaxy
life phases: main sequence star-forming galaxies, quiescent and starburst galaxies at different cosmic epochs.
Methods. We exploit the unique depth/area combination of the COSMOS field taking advantage of the X-ray data from the Chandra
COSMOS-Legacy survey and the extensive multiwavelength ancillary data presented in the COSMOS2015 catalog, including in
particular the UVista Ultra-deep observations. Such large datasets allow us to perform an X-ray stacking analysis and combine it with
detected sources, in a broad redshift interval (0.1 < z < 3.5) with unprecedented statistics for normal star-forming, quiescent and
starburst galaxies. The X-ray luminosity is used to predict the BHAR, while a similar stacking analysis on far-infrared Herschel maps
is used to measure the corresponding obscured SFR, for statistical samples of sources in different redshifts and stellar mass bins.
Results. We focus on the evolution of the average SFR-stellar mass (M∗) relation and compare it with the BHAR-M∗ relation,
extending previous works pointing toward the existence of almost linear correlations in both cases. We find that the ratio between
BHAR and SFR does not evolve with redshift, although it depends on stellar mass. For the star-forming populations, this dependence
on M∗ has a logarithmic slope of ∼ 0.6, for the starburst sample of ∼ 0.4, both at odds with quiescent sources where it remains constant
(log(BHAR/SFR) ∼ −3.4). By studying the specific BHAR and specific SFR we find signs of downsizing for both M∗ and black hole
mass (MBH) in galaxies in all evolutionary phases. The increase of the black hole mass-doubling time-scale was particularly fast for
quiescents, which grew their super-massive black hole at very early times, while star forming and starburst galaxies had an accretion
that endured until more recent times.
Conclusions. Our results support the idea that the same physical processes feed and sustain both star formation and black hole
accretion in star-forming galaxies while the starburst phase plays a lesser role in driving the growth of the super massive black
holes, especially at high redshift. Our integrated estimates of the M∗-MBH relation at all redshifts are consistent with independent
determinations of the local M∗-MBH relation for active galactic nuclei samples, thus adding key evidence to a weak evolution in the
BHAR/SFR, and its relatively low normalization compared to local dynamical M∗-MBH relations.
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1. Introduction
Both observational studies and cosmological simulations have
revealed a deep inter-connection between galaxies and their cen-
tral super massive black hole (SMBH or BH), which appear to
co-evolve, influencing each other during their lives. It has been
? Email: carrarorosamaria@gmail.com
?? Subaru Fellow
reported several times that the SMBH mass correlates with a
number of galaxy properties, including bulge mass, velocity dis-
persion, Sérsic index, etc. The relation with velocity dispersion
appears to the most fundamental one so far (e.g., Bernardi et al.
2007; Shankar et al. 2016, 2017, 2019).
Coincidently, the cosmic star formation rate density (SFRD)
and black hole accretion rate densities (BHARD) share a similar
evolution, both reaching a peak of activity at redshift z ∼ 2 and
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then decreasing down to the present epoch (Boyle & Terlevich
1998; Delvecchio et al. 2014; Madau & Dickinson 2014). Ad-
ditionally, both semi-analytic models and hydrodynamical sim-
ulations show the need for a self regulating mechanism between
the star formation and the black hole accretion in order to repro-
duce local scaling relations (see Somerville & Davé 2015, for a
review).
The history of star formation in galaxies throughout the life
of the Universe has been thoroughly constrained in recent years
(see Madau & Dickinson 2014, for a review): the SFRD of the
Universe increased by a factor of about 10 since z ∼ 8, reached
a peak at around z ∼ 2, and declined by a factor of 10 since then.
This decline is thought to depend on the decreasing availability
of cold gas needed to form stars (e.g. Feldmann et al. 2016). In
addition, we know that most galaxies follow a sequence on the
stellar mass (M∗) - star formation rate (SFR) plane with a close to
linear slope. The so-called main sequence of star-forming galax-
ies (MS, Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al.
2007; Noeske et al. 2007; Rodighiero et al. 2014; Aird et al.
2017) suggests that most of the cosmic star formation takes place
through secular processes (Rodighiero et al. 2011) since it has
been observed at all redshifts showing no evolution in its slope
but an increasing normalization with redshift (Tasca et al. 2015;
Schreiber et al. 2015; Tomczak et al. 2016): at earlier epochs,
galaxies of a given stellar mass were forming more stars than in
the local Universe. We also find a number of galaxies lying sub-
stantially above and below the MS. Starburst galaxies are a small
fraction of star-forming galaxies (∼ 2% Rodighiero et al. 2011),
have enhanced SFRs and gas fractions with respect to those on
the MS. Quiescent galaxies on the other hand lie below the MS
and therefore have little star formation. They have been shown
to evolve from z ∼ 1.8 where they have significant amounts of
dust and gas (∼ 5−10%), but have low star formation efficiency,
to the local universe where they are gas poor (Gobat et al. 2018).
Just like the star formation, the black hole accretion depends
on the availability of cold gas. Simulations show that gas flows
into galaxies where it cools to eventually fuel both star forma-
tion and BH accretion (Hopkins & Quataert 2010). This fuel-
ing by gas should be even more pronounced in starburst galax-
ies, many of which are likely to undergo a major merging event
(Di Matteo et al. 2005; Hopkins et al. 2008): During the early
stages of galaxy merging, gas can efficiently cool and lose an-
gular momentum, eventually feeding both central star formation
and black hole growth. The BH accretion is initially obscured
by thick layers of dust which are then possibly removed by its
increasing radiation/momentum feedback, revealing the quasar.
Eventually the gas is consumed, the quasar luminosity fades
rapidly, and the star formation episode ceases leaving a "red and
dead" elliptical galaxy with no — or very little — star forma-
tion or black hole accretion left (Granato et al. 2004; Lapi et al.
2006).
This picture might suggest that just like the majority of
galaxies follow a main sequence in the SFR-M∗ plane, a similar
relation between the black hole accretion rate (BHAR) and the
M∗ might exist: the more massive the galaxy, the more inflow-
ing gas will be available to both star-formation and black hole
accretion, therefore both should correlate with stellar mass. In
addition, galaxies offset from the main-sequence (starbursts and
quiescents), might have a BHAR that varies accordingly with
the gas that is typically available in that phase (Rodighiero et al.
2019).
In order to look for these potential correlations many authors
in the past have been using the X-ray luminosity of galaxies as
a proxy of BHAR: X-rays are very energetic photons that are
created very close to the central super-massive black hole, and
other contaminants in the host galaxies at these wavelengths,
e.g., emission from stellar processes or binary systems, are usu-
ally less powerful and not dominant (see review by Brandt &
Alexander 2015). Nevertheless, the first studies tracing instanta-
neous black hole accretion rate with X-ray flux failed at finding
any BHAR-M∗ relation (Silverman et al. 2009; Shao et al. 2010;
Mullaney et al. 2012b; Rosario et al. 2012; Azadi et al. 2015).
A lack of correlation between SFR and BHAR does not neces-
sarily imply, by itself, a lack of physical connection. In fact, it
could for example arise from different duty cycles and variabili-
ties characterizing the two processes. Episodes of star formation
last for ∼ Gyr, while the SMBH duty cycles are believed to be
very short, with accretion episodes on the order of 105 yr and
variability time scales that range from minutes to months.
In order to constrain more robust and reliable black hole ac-
cretion rates, it is thus necessary to average their growth rate over
a large time interval. A very promising technique to achieve this
goal consists in stacking of X-ray images. Stacking allows to per-
form studies on mass-complete samples by averaging the count
rates of the X-ray images in the optical positions of the galaxies,
thus increasing the signal-to-noise ratio, and allowing to reach
fluxes well below the single source detection threshold of the
observations. Moreover, since the BHAR is a stochastic event,
stacking large samples of galaxies in a given volume is equiva-
lent to averaging the growth rate of all galaxies. Previous works
indeed looked for a relation between M∗ and average BHAR
using stacking of X-ray images (e.g., Mullaney et al. 2012a;
Rodighiero et al. 2015; Yang et al. 2017), and probability distri-
bution of specific X-ray luminosity with a maximum likelihood
approach (Aird et al. 2012; Bongiorno et al. 2012; Yang et al.
2018) and Bayesian approach (Aird et al. 2018). All studies point
toward a positive correlation between the BHAR and the M∗ for
star forming galaxies, very similar to the main sequence of star-
forming galaxies, with a slope close to unity, non-negligible red-
shift evolution, a positive slope for the BHAR to SFR ratio as a
function of stellar mass and hints of different behaviors for qui-
escent and starburst galaxies. Thus far, no study has presented
a complete analysis across galaxy life phases, highlighting how
the accretions and their ratio evolve through cosmic time, which
is where our work comes into play. So far, only Aird et al. (2019)
have shown that the fraction of active galactic nuclei (AGN)
galaxies is enhanced below the main sequence and in starbursts.
In this paper we aim at characterizing the evolution of the
average BHAR for normal star-forming, quiescent, and starburst
galaxies at 0.1 < z < 3.5. This redshift interval encompasses the
majority of the history of the Universe, and contains two crucial
epochs in its evolution: the peak of both the star-formation rate
density and black hole accretion rate of the Universe at z∼2, and
their decline down to the local Universe. We take advantage of
the unique depth, area and wavelength coverage of the COSMOS
field, that allows us to select a mass-complete sample with large
statistics out to very high redshifts for each galaxy phase. This is
particularly important for starbursts, which are rare objects and
require a large field in order to be found in good numbers for
statistics. We apply the stacking technique to X-ray images from
Chandra COSMOS-Legacy survey (Civano et al. 2016) combin-
ing the results with the actual X-ray detections in order to esti-
mate the average X-ray luminosity and therefore average BHAR.
We compare the evolution of the average BHAR with that of the
average SFR. In this work we will show that this data confirm,
and extend, previous claims for the correlation between the ra-
tio of BHAR to SFR and M∗ and the evolution of the specific
accretions. More specifically, in Section 2 we introduce the par-
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ent data sample used for this work, from which we select the
sample as described in Section 3. In Section 4 we describe the
method used to estimate the average X-ray luminosities, BHAR
and SFR. In Sections 5, 6 we describe our results and discuss
them. In Section 7 we describe how we derive specific BHAR
and specific SFR and discuss the relative results. In Section 8 we
compare our MBH-M∗ relation to observational and simulations
relations. Finally, in Section 9 we enumerate the conclusions of
this work.
Throughout this paper we use a Chabrier (2003) initial mass
function (IMF) assuming a flat cosmology with H0 = 70, Ωλ =
0.7, Ω0 = 0.3.
2. Data
Our study focuses on the relation between average BHAR, SFR,
and M∗ across a wide redshift range, i.e., from z = 0.1 to z = 3.5,
and across different evolutionary stages of galaxies: (i) normal
star-forming galaxies, which accrete gas secularly to slowly form
new stars, and in which the bulk of the cosmic star formation
took place; (ii) starburst galaxies, which are a small fraction of
all galaxies at all epochs (Rodighiero et al. 2011, ∼ 2%; but see
also Caputi et al. 2017) and are going through a big burst of star
formation driving them significantly above the MS galaxies on
the SFR-M∗ plane; and (iii) quiescent galaxies, which forming
stars at a very slow pace.
Star-forming and quiescent galaxies can be easily selected
at all redshifts from their emission in the optical/near-infrared
(IR) rest-frame bands, whereas starburst galaxies are heavily ob-
scured in the optical and are therefore more easily identified by
the thermal emission from the dust in the far infrared (FIR).
Therefore, we select our samples of star-forming and quiescent
galaxies from the catalog by Laigle et al. (2016), which is near IR
(NIR) selected, while we use the FIR selected catalog by Gruppi-
oni et al. (2013) to identify starburst galaxies. For the BHAR we
use the catalog by Civano et al. (2016), obtained from the Chan-
dra COSMOS-Legacy program and complement it by stacking
on their X-ray images. We estimate SFR for star forming and
quiescent galaxies by combining FIR stacking on Herschel im-
ages and detections with ultraviolet (UV) luminosity. We present
in this section the catalogs used for the sample selection and the
data used for the estimate of average BHAR and SFR.
2.1. Optical-NIR catalog
We select our sample of star-forming and quiescent galaxies in
the COSMOS field (Scoville et al. 2007) from the COSMOS
2015 catalog (Laigle et al. 2016) which uses photometry from
UV (Galex) to the mid infrared (MIR, IRAC). This catalog con-
stitutes the UltraVISTA DR2 .
The multi-wavelength catalog includes: UV photometry in
the far UV and near UV (NUV) bands with the GALEX satellite
(Zamojski et al. 2007); UV/optical photometry in the u*-band
from the Canada-France-Hawaii Telescope (CFHT/MegaCam);
optical photometry from the COSMOS-20 survey, which is
composed of 6 broad bands (B, V, g, r, i, z+), 12 medium
bands (IA427, IA464, IA484, IA505, IA527, IA574, IA624,
IA679, IA709, IA738, IA767, and IA827), and two narrow bands
(NB711, NB816), taken with Subaru Suprime- Cam (Taniguchi
et al. 2007, 2015); new and deeper z++ and Y-band data, both
taken with Hyper-Suprime-Cam (HSC) on Subaru; H and Ks
NIR photometry obtained with WIRcam/CFHT (McCracken
et al. 2010), as well as deeper J, H and Ks imaging obtained
with VIRCAM/VISTA UltraVISTA (McCracken et al. 2012) in
the central 1.5 deg2 of the COSMOS field (the coverage by Ul-
traVISTA is not homogeneous, with alternating "deep" and "ul-
tradeep" stripes, that reach respectively depths of 24 and 24.7
in KS -band, respectively); NIR data from IRAC, as part of the
SPLASH COSMOS survey , together with S-COSMOS (Sanders
et al. 2007); MIR and FIR data with Spitzer IRAC and MIPS,
from the Spitzer Extended Mission Deep Survey and the Spitzer-
Candels survey (Ashby et al. 2015) data among others; FIR from
the Herschel PACS and SPIRE instruments, taken as part of the
PACS Evolutionary Probe (PEP) guaranteed time key program
(Lutz et al. 2011), the largest field of the program, observed for
about 200 h to a 3σ depth at 160 µm of 10.2 mJy and at 100 µm
∼5 mJy.
The point spread function (PSF) of the VISTA bands is es-
timated in each photometric band by modeling isolated known
stars from the COSMOS ACS/HST catalog (Koekemoer et al.
2007; Leauthaud et al. 2007) with the PSFEX tool (Bertin 2013);
The target PSF is chosen in order to minimize the applied convo-
lutions, and it is the desired PSF of all bands after homogeniza-
tion. The required convolution kernel is calculated in each band
by finding the kernel that minimizes the difference between the
target PSF and the convolution product of this kernel with the
current PSF. The images are then convolved with this kernel.
Then, a χ2 detection image (Szalay et al. 1999), produced by
combining NIR images of UltraVISTA (YJHKS ) with the opti-
cal z++-band data from Subaru, is used to identify objects; the
photometry for these objects in the other bands is obtained by
running SEXTRACTOR in “dual image” mode. Fluxes are ex-
tracted from 2” to 3” diameter apertures on PSF-homogenized
images in each band, apart from a few cases: for GALEX, the
fluxes are measured using a PSF fitting method with the u*-band
image used as a prior; for the SPLASH IRAC imaging the IRA-
CLEAN tool (Hsieh et al. 2012) is used to derive the photometry
using the UltraVISTA zYJHKs χ2 image as a prior. Photome-
try at 24 µm was obtained from the COSMOS MIPS selected
band-merged catalog (Le Floc’h et al. 2009). Far IR photometry
is provided from Herschel PACS (PEP guaranteed time program,
Lutz et al. 2011) and SPIRE (HERMES consortium, Oliver et al.
2012) at 100, 160, 250, 350, and 500 µm.
The Laigle et al. (2016) catalog provides secondary prod-
ucts as well, including photometric redshifts, stellar masses and
star-formation rates. In particular, photometric redshifts are com-
puted with Le Phare (Arnouts et al. 2002; Ilbert et al. 2006) with
the same method used in Ilbert et al. (2013): the spectral en-
ergy distributions in 3 arcsec apertures are fitted to a set of 31
templates, including spiral and elliptical galaxies from Polletta
et al. (2007) and a set of 12 templates of young blue star-forming
galaxies, produced using Bruzual & Charlot (2003) models. Pho-
tometric redshifts for objects that are detected in X-rays are in-
stead taken from Marchesi et al. (2016), that applies a set of
templates more suitable for X-ray detected galaxies, in which
the central Black Hole might significantly affect the UV/optical
photometry (see section 2.3). Photometric redshift precision is
characterized by comparing with spectroscopic samples from
the COSMOS spectroscopic master catalog (M. Salvato et al.,
in preparation).
Stellar masses are derived using Le Phare, with the same
method presented in Ilbert et al. (2015): a Chabrier (2003) initial
mass function is assumed, and the photometry is fitted with a li-
brary of synthetic spectra generated using the Stellar Population
Synthesis model of Bruzual & Charlot (2003), assuming both ex-
ponentially declining star formation histories (SFH) and delayed
SFH (τ−2te−t/τ), assuming two different metallicities (solar and
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half- solar). Emission lines are added following the prescription
in Ilbert et al. (2009), and two attenuation curves (the starburst
curve of Calzetti et al. 2000 and a curve with a slope λ0.9 from
Appendix A of Arnouts et al. 2013). The E(B - V) values are al-
lowed to vary in a range between 0 and 0.7. The masses are then
obtained as the median of the marginalized probability distribu-
tion function (PDF).
2.2. IR data
We selected the starburst galaxies sample for this work from a
FIR selected catalog. In particular, we use the Gruppioni et al.
(2013) catalog, that is selected from PACS/Herschel PEP ob-
servations in the COSMOS field. This catalog is matched also
with the deep 24-µm imaging of Le Floc’h et al. (2009), with the
HerMES extragalactic survey (Oliver et al. 2012) observed with
SPIRE at 250, 350 and 500 µm in the same fields covered by
PEP and with the IRAC-based catalog of Ilbert et al. (2010), in-
cluding optical and NIR photometry and photometric redshifts.
Gruppioni et al. (2013)) use as reference the blind catalogs
at 100 and 160 µm, from Berta et al. (2010, 2011), selected
down to the 3σ level, which in COSMOS contain 5355 and 5105
sources at 100 and 160 µm, respectively. Then they associate
their sources to the ancillary catalogs by means of a multiband
likelihood ratio technique (Sutherland & Saunders 1992; Ciliegi
et al. 2001), starting from the longest available wavelength (160
µm, PACS) and progressively matching 100 µm (PACS) and 24
µm (Spitzer/Multi-band Imaging Photometer – MIPS). Their fi-
nal catalog consists of 4110 and 4118 sources at 100 and 160 µm,
respectively. 3817 and 3849 of their sources have either spectro-
scopic or photometric redshifts, respectively, which they use for
the spectral energy distribution (SED) fitting in order to estimate
the FIR luminosity function.
Stellar masses are obtained by fitting the broad band SED
with a modified version of MAGPHYS (da Cunha, Charlot, &
Elbaz 2008) that simultaneously fits the broad-band UV-to-FIR
observed SED of each object, ensuring an energy balance be-
tween the absorbed UV light and that re-emitted in the FIR
regime. The redshift for each object is fixed to the spectroscopic
redshift when available or else to the photometric one; then the
SED is fitted to a best fit model, selected from a library built
combining different star formation histories, metallicities and
dust contents. Each star formation history is the combination
of an exponentially declining SFR model, on top of which ran-
dom bursts of star formation are superimposed (see da Cunha
et al. 2008, 2010). The emission of a possible AGN component
is taken into account using a modified version of the MAGPHYS
code (SED3FIT, Berta et al. 2013), that adds a torus component
to the modeled SED emission, combining the da Cunha et al.
(2008) original code with the Fritz, Franceschini, & Hatzimi-
naoglou (2006) AGN torus library (see also Feltre et al. 2012).
In order to estimate the SFR of their sample Gruppioni et al.
(2013) calculate an SED using all the available multiwavelength
data by performing a χ2 fit using the Le Phare code (Arnouts
et al. 2002; Ilbert et al. 2006) with the semi-empirical template
library of Polletta et al. (2007), representative of different classes
of IR galaxies and AGN. They also added some modified tem-
plates in the FIR to better reproduce the observed Herschel data
(see Gruppioni et al. 2010), and three starburst templates from
Rieke et al. (2009). Then they integrate the best-fitting SED of
each source over 8 ≤ λrest ≤ 1000 µm to derive the total IR lu-
minosities (LIR = L[8–1000 µm]) in 11 redshift bins (0.0–0.3;
0.3–0.45; 0.45–.6; 0.6–0.8; 0.8–1.0; 1.0–1.2; 1.2–1.7; 1.7–2.0;
2.0–2.5; 2.5–3.0 and 3.0–4.2). Finally they estimate the SFRIR
for all these sources from the total IR luminosity after subtract-
ing the AGN contribution and using the Kennicutt (1998) rela-
tion (see also Gruppioni et al. 2015, for more details).
2.3. X-ray data
We use X-ray data from the Chandra COSMOS Legacy Sur-
vey (COSMOS-Legacy, Civano et al. 2016), a 4.6 Ms Chandra
program that combines new observations obtained during Chan-
dra Cycle 14 with the previous C-COSMOS Survey, allowing
the X-ray data to uniformly cover the whole 2.2 deg2 of the
COSMOS field. The limiting fluxes are 2.2 × 10−16, 1.5 × 10−15,
and 8.9 × 10−16 erg cm−2 s−1 in the 0.5–2, 2–10, and 0.5–10 keV
bands, respectively.
The optical counterparts to the X-ray COSMOS-Legacy
sources are available in Marchesi et al. (2016). This was obtained
by using the maximum likelihood ratio technique (e.g., Suther-
land & Saunders 1992; Brusa et al. 2005; Civano et al. 2012)
by matching X-ray sources to three separate bands: i-band data
from Ilbert et al. (2009), Ks-band using UltraVISTA DR2, and
IRAC 3.6 micron using either SPLASH or Sanders et al. (2007).
sources from Laigle et al. (2016) catalog in the UltraVISTA field.
Optical counterparts were cross correlated with the master spec-
troscopic catalog (Salvato et al. in prep) which contains spec-
troscopic redshifts from numerous observing campaigns and in-
struments. For the sources for which spectroscopic redshift is not
available a photometric redshift is provided, obtained by follow-
ing the same procedure as in Salvato et al. (2011).
3. Sample selection
We select a mass complete sample from Laigle et al. (2016) lim-
iting our selection to the area covered by the UltraVISTA-DR2
observations (1.5 deg2), in the redshift interval 0.1 < z < 3.5.
In order to separate star-forming from quiescent galaxies we use
the classification from Laigle et al. (2016) that is based on the
rest-frame NUV−r/r − J color-color diagram as in Ilbert et al.
(2013) which allows to separate dust obscured galaxies from
older stellar populations. In this diagram, galaxies with colors
NUV−r > 3(r − J) + 1 and NUV−r > 3.1 are classified as qui-
escent.
We select starburst galaxies from the Gruppioni et al. (2013)
catalog in the same redshift interval down to M∗ ∼ 109.5M.
Again, we choose this catalog because it is FIR selected, i.e.,
specific star formation rate selected (at least to a first approxi-
mation), and includes SFRIR estimates, allowing us to robustly
estimate the SFR of highly star-forming galaxies which are heav-
ily obscured. Based on Fig. 15 of Gruppioni et al. (2013) we see
that above z ∼ 1.3 we are probably missing the low SFR starburst
sources, therefore we decide to show those data-points as upper
limits. The starburst galaxies are selected to have a SFR at least
four times higher than the SFR of a typical main sequence galaxy
having a similar stellar mass and redshift, which is our definition
of starburst galaxy. For the purpose of their selection we con-
sider the parametrization of the main sequence from Schreiber
et al. (2015) obtaining the relation:
SFRS BIR ≥ 4 × SFRMS (zave,M∗) =
= 4 ×
[
m − m0 + a0r − a1[max(0,m − m1 − a2r)]2
]
(1)
where SFRS BIR is the star formation rate of a starburst galaxy
obtained from its infrared luminosity, r = log10(1 + z), m =
log10(M∗/109M·), and the parameters m0 = 0.5, m1 = 0.36,
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Fig. 1. The stellar mass of our sample of galaxies shown as a function of redshift. Star-forming and quiescent galaxies are selected from Laigle
et al. (2016) (green and red data points in left and central panel respectively) while the starbursts are selected from Gruppioni et al. (2013)
(violet data points in right panel). Black solid and dashed lines are the mass completeness thresholds are for UVista “deep” and “ultradeep”
stripes from (Laigle et al. 2016) for star-forming and quiescent galaxies. For starburst galaxies we consider mass incomplete the low mass bins
(9.50<log10(M/M∗)<10.25) at z > 1.30. Solid gray horizontal and vertical lines show the limits of our mass and redshift bins.
a0 = 1.5 and a1 = 0.3. We use SFRS BIR , M∗ and z from the Gruppi-
oni et al. (2013) catalog. We match the starburst sample with the
catalog of star-forming and passive galaxies, previously color-
color selected from Laigle et al. (2016), using a 3.5” association
radius, in order to exclude the starburst galaxies from our star
forming and quiescent selection. For a distance greater than 2”
we only accept matches that have a ∆z = | zGruppioni − zLaigle | <
0.3, allowing us to include 7 more starburst galaxies to our sam-
ple. We compared the stellar masses of the starburst sample (de-
rived from MAGPHYS) with their stellar masses from Laigle
et al. (2016) (derived from Le Phare) in each of the redshift bins
and found they lie along the 1:1 relation with increasing scat-
ter with redshift (RMS ranging from 0.18 dex at low z to 0.35
dex at high z) but with no offset (the median of the difference of
the masses is about 10−2). From the cross-match we find that 965
color selected star forming galaxies are IR classified as starbursts
(this is to be expected since the NUV−r/r − J diagram does not
have a starburst area) and 28 color selected quiescents are IR
starbursts. We move 1494 galaxies that are 24µm MIPS/Spitzer
detected from our quiescent selection to the star forming galaxies
sample, as the IR emission indicates that a certain amount of op-
tically hidden star formation is ongoing . For the X-ray detected
star-forming and quiescent galaxies we use the redshift included
in Marchesi et al. (2016). We have a final number of 83,904 star
forming, 12,839 quiescent and 1,003 starburst galaxies.
We further divide the sample into four redshift bins, i.e.,
0.1<z<0.65, 0.65<z<1.3, 1.3<z<2.25, 2.25<z<3.5. Every red-
shift bin is chosen with the purpose of including a sufficient
number of galaxies (see Table 1), and then the galaxy sample
of each redshift bin is divided into mass bins.
Our final sample is shown in Fig. 1 together with the mass
completeness thresholds from Laigle et al. (2016) for star form-
ing and quiescent galaxies and the limits of our stellar mass and
redshift bins.
4. Method
The aim of this paper is to study the average black hole accre-
tion rates for galaxies with different star formation activities,
from the passive ones to the starbursts, at different cosmic epochs
and at different stellar masses. Since AGN activity is a stochas-
tic event, as the AGN duty cycle is short compared to the star
formation episodes in galaxies, it is unlikely that a galaxy has
been observed at the peak of its Black Hole Accretion. There-
fore, limiting the analysis to bright X-ray galaxies would give
a biased view of the average AGN activity in galaxies. For this
reason, in this work we complement X-ray individual detections
with stacking analysis on Chandra X-ray images for non detected
galaxies.
4.1. X-ray stacking analysis
In order to estimate the average X-ray luminosity for each
mass and redshift subsample we follow the same method as in
Rodighiero et al. (2015). We use individual X-ray detections
from the COSMOS-Legacy catalog (Civano et al. 2016) when
possible, taking advantage of the match between optical and X-
ray sources performed by Marchesi et al. (2016) (see section
2.3). For the non X-ray detected sources we perform stacking on
the same images using the CSTACK tool v4.321 (Miyaji et al.
2008).
We propagate the probability distributions of count-rates
with Monte Carlo simulations. We focus on the 2-7 keV band
and take advantage of the CSTACK bootstrap output and sim-
ulate it 106 times by interpolating the inverted cumulative dis-
tribution function of the bootstrap probability distribution. For
X-ray detections instead we assume a Gaussian probability dis-
tribution and a σ equal to the error on the count-rate from
the catalog when available or set the error on the detection to
σ = 0.25 ×CR(2 − 7 keV) when not available. Count-rate distri-
1 http://cstack.ucsd.edu/cstack or http://lambic.
astrosen.unam.mx/cstack/ developed by Takamitsu Miyaji.
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Fig. 2. X-ray luminosity in the 2-10 keV band for our sample as a function of stellar mass. Each panel represents one of the four redshift bins that
we consider in this work. The light green diamonds represent the normal star-forming sample, the red squares represent the quiescent sample and
the violet circles represent the starburst sample. The data points represent the median value of the stellar mass and the X-ray luminosity. Vertical
error bars represent the 5th and 95th percentile (90% confidence interval) of the distributions, while horizontal error bars correspond to the 1 σ.
We show an upper limit (the 95th percentile) for the data points whose X-ray luminosity 5th percentile is compatible with zero and for starburst
galaxies at high redshift and low mass, where we are incomplete. The light green continuous line is the best fit for the star-forming galaxies data
points at each redshift while the gray one is the best fit in the lowest redshift bin, shown for comparison purposes. We report also data points from
Mullaney et al. (2012a) at an average redshift of z = 1, 2 (dark blue open circles), Rodighiero et al. (2015) at an average redshift of z = 2 (green
open circles) and Aird et al. (2018) at z = 1, 2 (brown solid curve, with yellow area showing the 1σ confidence interval). Both data points from
Rodighiero et al. (2015) and Aird et al. (2018) have been scaled to the same k-correction adopted in this work.
Table 1. Number of X-ray (2-7 keV band) stacked and detected galaxies per redshift bin and galaxy type, used in our analysis.
Star-forming Quiescent Starburst
Redshift bins Detections Stacked Detections Stacked Detections Stacked
0.10 < z < 0.65 249 8,211 45 1,968 12 66
0.65 < z < 1.30 743 28,037 116 7,055 22 366
1.30 < z < 2.25 764 31,012 42 2,835 48 280
2.25 < z < 3.50 337 11,615 16 443 9 115
butions from both stacking and detections are converted to stan-
dard flux in the 2−10 keV band via the WebPIMMS2 conversion
factor obtained for Chandra cycle 14, by assuming a power-law
spectrum for the AGN with photon index Γ= 1.8 and galactic hy-
drogen absorption (NH = 2.6 × 1020 cm−2, Kalberla et al. 2005).
This value of the photon index Γ is compatible with the Cosmic
X-ray Background according to Ananna et al. (2019) for cutoff
energies Ec < 100 keV. We convert fluxes to rest-frame with a
2 http://cxc.harvard.edu/toolkit/pimms.jsp
K-correction with the shape of Kcorr = (1 + z)Γ−2 where z is the
average redshift of each subsample and Γ is the photon index just
introduced.
Since we are looking for a global average X-ray measure-
ment combining detections and non-detections in each redshift
and mass bin, we apply the following equation to all the fluxes
in the probability distribution of each detection and the stacking:
Fave =
∑ndetected
j=1 F j,detected + nstacked · Fstacked
ndetected + nstacked
(2)
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Table 2. X-ray luminosity fits to the equation log10 LX = a log10 M∗ + b
for the star-forming galaxies of our sample. Errors are 1σ uncertainty
estimates of parameters
Redshift bin a b
0.10 < z < 0.65 1.02 ± 0.03 −11.1 ± 0.3
0.65 < z < 1.30 0.87 ± 0.02 −8.9 ± 0.2
1.30 < z < 2.25 1.18 ± 0.03 −11.8 ± 0.3
2.25 < z < 3.50 1.00 ± 0.05 −9.6 ± 0.5
where, in each redshift and mass bin, ndetected is the number
of detections, F j,detected is the flux of each detection, nstacked is the
number of undetected objects, that were therefore stacked, and
Fstacked is the total flux from the stacked objects. This returns a
probability distribution of rest-frame flux for each redshift and
mass bin. We show on Table 1 the number of stacked and de-
tected galaxies.
4.2. X-ray luminosity and black hole accretion rate estimate
We convert the distribution of average rest frame fluxes Fave
(Equation 2) to average luminosities Lave using the correspond-
ing luminosity distance at the average redshift of the sources in-
cluded in the bin.
We estimate and subtract the contribution from the stars
(young and old stellar populations) in the 2-10 keV range as in
Lehmer et al. (2016) using their best fit values:
L2−10 keV(M∗, z,SFR)[ erg s−1] = α0(1+z)γM∗+β0(1+z)δSFR (3)
with logα0 = 29.37, log β0 = 39.28, γ = 2.03 and δ = 1.31.
This correction has two terms that take into account the X-ray
emission from both the young stellar populations — i.e., high
mass X-ray binaries, whose emission is proportional to the SFR
of the galaxy (see Sec. 4.3) — and from the old stellar popula-
tions — i.e., low mass X-ray binaries, whose emission is propor-
tional to the stellar mass of the galaxy — particularly important
in quiescent galaxies. We checked the effect of this correction by
comparing with the corrections from Fornasini et al. (2018) and
Aird et al. (2017). The correction from Aird et al. (2017) gives
no apparent difference on our results, while Fornasini et al.’s cor-
rection, which is to be considered an upper limit since it includes
some residual AGN emission, has some effect at the lowest red-
shift resulting in some data points becoming compatible with
zero and a lower normalization by ∼ 0.2 dex in star-forming and
quiescent galaxies, but the overall results are not affected by it.
In order to correct for the average internal absorption from
the galaxy (NH) we estimate the hardness ratios (HR) of our
sample. We define HR as
HR =
H − S
S + H
, (4)
where H and S are the median of the distributions of
count rates in the 2-7 keV and 0.5-2 keV band respec-
tively. We compare the estimated HRs of our data with those
obtained from models in PyXspec. The model we use is
PHABS*(CABS*ZPHABS*PO+APEC) which is composed of
a redshifted and absorbed power-law emission with slope Γ =
1.8 and hot gas emission at kT = 1 keV. The model also in-
cludes galactic absorption. The power-law spectrum is normal-
ized as the fluxes we measure and the APEC warm gas compo-
nent is normalized to equal the emission expected from the SFR
of the galaxies (Mineo et al. 2012, Eq. 1). Finally, we convolve
the model with an auxiliary response file (ARF) from Chandra
ACIS-I cycle 14 in order to obtain the H and S count rates. All
models give two NH values at which the HRs are compatible
with our data. The only exception is for star-forming galaxies
in the lowest redshift bin, where the modeled spectra are too
soft. This is probably because the 1 keV gas emission is over-
estimated. In the rest of the cases we find a possible solution
at NH = 1022.0−23.2 cm−2 and another one at higher NH values
NH = 1023.5−24.8 cm−2 where all the power law emission has been
absorbed and only the hot gas is visible. Both NH solutions in-
crease with redshift. We decide to use the solution with a lower
NH because we cannot observe galaxies with Compton thick lev-
els of obscuration. In fact, even though we perform stacking, in
Chandra’s energy range the number of photons from heavily ob-
scured AGN will be very low and will not be dominating our
population. Furthermore, our NIR selection may already be ex-
cluding dust obscured galaxies which are thought to be heavily
absorbed in the X-rays (Fiore et al. 2008; Corral et al. 2016;
Riguccini et al. 2019). A last consideration is that even though
many works find an intrinsic fraction of highly obscured AGN or
Compton thick of about ∼ 30 − 50% at various redshifts (Ueda
et al. 2014; Vito et al. 2014; Ricci et al. 2015; Ananna et al. 2019)
it still is not possible to detect these galaxies in the Chandra X-
ray energies. The HRs of our sample don’t show a trend with
mass, thus we decide to use the same obscuration correction for
all mass bins of a given galaxy type and redshift. We estimate
the correction factors using WebPIMMS, going from absorbed
to unabsorbed flux in the 2-10 keV band at the average redshift
of the bin and with the NH found from the HR analysis for each
galaxy type. These corrections are on the order of 5 − 10%.
Finally, we consider the median value of the X-ray luminos-
ity distribution as the representative luminosity of each bin and
the 5th and 95th percentiles as the lower and upper limits to the
uncertainty associated with the X-ray luminosity. We consider
values compatible with zero when the 5th percentile assumes a
negative value and in those cases we show them as upper limits.
We transform the X-ray binaries and obscuration corrected
X-ray luminosity to a black hole accretion rate as in Merloni &
Heinz (2008); Mullaney et al. (2012a); Delvecchio et al. (2014);
Rodighiero et al. (2015); Baronchelli et al. (2018) with the rela-
tion:
BHAR(M∗, z) =
(1 − ) × Lbol(M∗, z)
c2
, (5)
where Lbol is the AGN bolometric luminosity obtained using
a luminosity dependent bolometric correction composed of (i)
the bolometric correction used in Yang et al. (2018), which is a
modified version of the bolometric correction from Lusso et al.
(2012), down to LX = 1042.4 erg s−1 and (ii) kbol = 16 for lower
luminosities as in She et al. (2017). c is the speed of light in vac-
uum and  is the efficiency by which mass is converted into ra-
diated energy via the accretion process. Here we assume  = 0.1
(e.g., Marconi et al. 2004; Mullaney et al. 2012a; Rodighiero
et al. 2015; Baronchelli et al. 2018), or that roughly 10% of the
accreted rest-mass is converted into radiant energy, irrespective
of MBH.
4.3. Star formation rates: FIR stacking and UV SED fitting
For star-forming and quiescent galaxies we estimate the SFR
as the sum of the IR and far UV-observed contributions
(SFRIR+UV), while for starburst galaxies we only consider the
SFRIR. SFRIR are derived through the empirical calibration of
Kennicutt (1998, Eq. 4) from the total IR luminosity (LIR). The
SFRUV (not corrected for extinction) is inferred, following the
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prescription of Kennicutt (1998, Eq.1), from the rest-frame lu-
minosity at 1600 Å (L1600Å). The two SFR are then combined as
discussed by Nordon et al. (2013) and they are finally converted
to Chabrier (2003) IMF as in Cimatti et al. (2008) by dividing
for a factor of 1.7:
SFRIR+UV[M yr−1] = SFRUV + SFRIR =
= (2.86 L1600Å + 1.7 LIR) ×
10−10
1.7
[L] (6)
In order to get SFRIR+UV for star forming and quiescent
galaxies we perform a bootstrap where in each iteration we se-
lect a subsample of galaxies in a M∗ and z bin and estimate both
their LIR and L1600Å. We then combine the median of each lu-
minosity through Eq. 6 thus deriving a distribution of SFRIR+UV.
The LIR is obtained by stacking 160 µm PACS/Herschel maps
as in Rodighiero et al. (2014). In our procedure we account
both for detections and non-detections to obtain the final me-
dian stacked fluxes, that we then convert into bolometric lumi-
nosities by adopting an average k-correction (Chary & Elbaz
2001). Since the L1600Å luminosity is not included in Laigle et al.
(2016) we derived it in the following way. For each source in
the sample we reconstruct the galaxy spectral energy distribu-
tion (SED) using Hyperzmass, which is a modified version of
the Hyperz software (Bolzonella et al. 2000, 2010), suited for
the computation of the stellar mass once the photometric red-
shift is known. We adopt Bruzual & Charlot (2003) stellar pop-
ulation models, with exponentially declining star formation his-
tories (SFH, i.e., SFR ∝ et/τ), with τ=0.1, 0.3, 1, 2, 3, 5, 10, 15,
30,∞=constant SFR). The L1600Å are extracted directly from the
Hyperzmass best-fit templates. The SFRs for quiescent and star
forming galaxies are shown in the upper left and central panels
of Fig. 3, as a function of stellar mass and color-coded based on
redshift.
For starburst galaxies we use SFRIR from Gruppioni et al.
(2013) (see Section 2.2), having verified that their SFRUV is neg-
ligible. Similarly to star forming and quiescent galaxies, we per-
form a bootstrap for every M∗ and z bin where in each loop we
derive a median SFRIR and therefore a distribution of the SFRIR.
The SFR for starburst galaxies are shown in the top right panel
of Fig. 3.
5. Comparing the SMBH’s X-ray emission in the
different galaxy life stages across cosmic time
In Figure 2 we show the X-ray 2-10 keV luminosity (LX) from
Equation 3 as a function of stellar mass for our sample divided
in different redshift bins. For each bin we compare the X-ray
luminosity for the three types of galaxies: star-forming, quies-
cent and starbursts. Our data points are centered on the median
X-ray luminosity and stellar mass. Vertical error bars are 90%
confidence range. We show a log-log linear fit for star-forming
galaxy data points. The fits were performed ignoring the upper
limit data-points.
We find a robust relation between the average LX and M∗ in
star forming galaxies: this indicates that BHs in more massive
galaxies are growing faster than in the less massive ones. This
could be in part sustained by the higher fraction of type I AGN
at high stellar masses, as seen by Suh et al. (2019) for Chandra
COSMOS Legacy detected sources. Moreover, this relation in-
creases in normalization by about 1.5 dex, while maintaining an
almost constant slope of about ∼ 1.00 going to higher redshift,
indicating that BH were faster to grow at earlier epochs than to-
day. This can be seen on Table 2 where we show the best linear
fit to our data (log LX = a log M∗ + b). This relation looks very
similar to the "main sequence" of star-forming galaxies, which
is the relation between SFR and M∗, as we will see better in Fig-
ure 3. The quiescent 24µm MIPS/Spitzer detected sources are
a small percentage of the overall star forming sample (∼ 2%),
but are mostly concentrated at the high masses and low redshifts
where they reach a percentage as high as 86% at M∗ > 1011M
in the lowest redshift. The addition of these sources had minimal
effects on the LX of the higher mass bins, but we can observe a
systematical increase of the LX in all these bins of . 0.1 dex.
Starburst galaxies show average LX with a similar depen-
dence on stellar mass than star forming galaxies and a mild de-
pendence on redshift: as a result, starbursts have X-ray luminosi-
ties ∼ 0.4 − 1.1 dex above the star forming galaxies at z ' 0.4,
but have compatible luminosities at z ' 2 − 3. If we think these
galaxies are undergoing a major merger event, as it is commonly
believed, this suggests that while a higher availability of cold gas
allows the SFR to increase considerably with respect to a galaxy
in a secular evolution phase, this gas availability is not able to
accrete onto the black hole at a pace higher than a certain thresh-
old which does not vary as much as the star forming population
(∼ 0.5 dex) across the redshift range covered in this study.
Finally, quiescent galaxies have X-ray luminosities that tend
to be lower than those of star forming galaxies, varying with in-
creasing mass from ∼ 0.5 dex to ∼ 1 dex of difference, with the
exception of the highest redshift bin, which is close to compati-
ble with main sequence galaxies’ luminosity. The resulting rela-
tion with stellar mass turns out to be flatter than the one observed
for SF galaxies. The relation is limited to just a few (high) mass
bins, due to the fact that in the mass regime below 1010 M the X-
ray flux was not enough to constrain the X-ray luminosity of the
subsample, giving a 95th percentile luminosity value < 0. Ac-
cording to the hardness ratio analysis performed by Paggi et al.
(2016) on a subsample from C-COSMOS of early type stacked
galaxies, the X-ray luminosities of our quiescent galaxies should
be compatible with a combination of thermal and AGN emission
in the lower two redshift bins and with highly obscured AGN at
higher redshifts, therefore confirming the origin of the emission.
In Figure 2 we compare our results for the sample of
star-forming galaxies with literature results by Mullaney et al.
(2012a); Rodighiero et al. (2015); Aird et al. (2018), after scal-
ing the luminosity to the same k-correction used in our analysis
where necessary (i.e., rescaled to the same photon index Γ in
the k-correction). At z ∼ 1 our data points show good agree-
ment with both Mullaney et al. (2012a); Aird et al. (2018). At
z ∼ 2 our results are in great agreement, within the errors, with
the results of Aird et al. (2018), while our X-ray luminosities
are systematically lower than those by Mullaney et al. (2012a);
Rodighiero et al. (2015).
6. Constraining the co-evolution of galaxy and
black hole accretion
In Figure 3 we compare the SFR and the BHAR as a function
of M∗ for the three categories of galaxies. In the left column
we show star forming galaxies, in the middle column quiescent
galaxies and in the right column starburst galaxies. The top panel
shows the total SFRUV+IR (SFRIR only, for starburst galaxies,
see Sec. 4.3) for all the redshift bins, the middle one shows the
BHAR of the sample obtained from the X-ray luminosity (Fig-
ure 2) using Equation 5, and the bottom one the ratio between
BHAR and SFR. We show linear fits in all panels except for the
BHAR/SFR ratio of quiescent galaxies where we report the av-
erage value of all redshifts and mass bins, since no evolutionary
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Fig. 3. Comparison between the average SFR and the average BHAR for the three samples considered: normal star-forming galaxies (left),
quiescent galaxies (center) and starburst galaxies (right). In all plots data points are color and shape-coded according to the redshift interval. The
data points are the median value, vertical errors represent the 5th and 95th percentile. We show an upper limit (the 95th percentile) for the data
points whose SFR or BHAR 5th percentile is compatible with zero and for starburst galaxies at high redshift and low mass, where we are mass
incomplete. The error bars shown on the stellar masses correspond to 1 σ of the distribution. The solid light colored lines are the best fits and are
color coded according to each redshift bin (see Table 3). Top panel: the M∗-SFR relation. Middle panel: the M∗-BHAR relation. Bottom panel: the
BHAR to SFR ratio as a function of stellar mass. The gray dotted line for quiescent galaxies is at the constant value of BHAR/SFR= 3.8 × 10−4.
trends are apparently visible. The best fit parameters are shown
in Table 3.
6.1. Star-forming galaxies
For star forming galaxies, in the top panel we see the well-known
evolution of the main sequence of star-forming galaxies with
time: SFR follows a sublinear relation (in logaritmic units) with
stellar mass that evolves in normalization with redshift main-
taining an almost constant slope and a bending at high M∗ in the
two lower redshift bins. This bending was introduced with the
inclusion of the quiescent 24µm MIPS/Spitzer detected sources
which, as already mentioned, are concentrated at high masses
and lower redshifts. The median SFRUV of the sample is smaller
than the median SFRIR by a factor that varies from 3 (low mass)
to 100 (high mass, see Table A.1), so the SFRUV is negligible in
most cases.
The observed BHAR distribution has a higher slope in the
log-log plane, slightly superlinear (a direct consequence of the
LX-M∗ relation). It is present at all considered redshifts and
evolves with it. We note that the decrease in the BHAR normal-
ization evolves faster in the lowest redshift bin, while keeping
a more constant increase at earlier cosmic epochs. The total de-
crease in BHAR at given M∗ is of about 1.5 dex while in SFR it
is of about 1-1.2 dex.
The ratio between BHAR and SFR provides interesting in-
sights into how these two phenomena relate to each other. It in-
creases with mass with a slope varying in the ∼ 0.5 − 0.7 range,
decreasing to higher redshifts, and no evolution in normalization.
The positive slope of the BHAR/SFR ratio can be interpreted as
an indication of an increased accretion efficiency in high stellar
mass galaxies in driving the infalling gas directly toward their
inner core, fueling a faster accretion onto the black hole. This
can also be considered as if the main driver of the black hole ac-
cretion was not time but the initial stellar mass instead. We note
that the analogy between the increase in the BHAR/SFR ratio as
a function of stellar mass and the increase in the density of the
central Kpc of the galaxy Σ1 with mass (Fang et al. 2013; Barro
et al. 2017). A scenario that has been proposed is that more mas-
sive galaxies somehow have denser cores, allowing for a faster
black hole growth.
6.2. Quiescent galaxies
In the central column of Fig. 3 we show the data points of the
quiescent galaxies. As expected these galaxies have low SFR
compared with star forming galaxies. In the two lower redshifts,
we can see a weak stellar mass dependence with a slope of ∼ 0.4,
and we also see a clear evolution with redshift in the bins where
we could constrain the SFR. This could be because high redshift
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Table 3. Fit parameters of the relations in Fig. 3. The equations used are for the log10 SFR = m log10 M∗+q; for the log10 BHAR = m log10 M∗+q;
and for the ratio log BHARSFR = α log M∗ + β.
SFR BHAR BHAR/SFR
Redshift bin m q m q α β
Star forming
0.10 < z < 0.65 0.71 ± 0.02 −6.4 ± 0.2 1.02 ± 0.03 −13.7 ± 0.3 0.72 ± 0.09 −11.6 ± 0.9
0.65 < z < 1.30 0.649 ± 0.013 −5.49 ± 0.13 0.87 ± 0.02 −11.5 ± 0.2 0.58 ± 0.03 −9.9 ± 0.4
1.30 < z < 2.25 0.639 ± 0.018 −5.06 ± 0.19 1.18 ± 0.03 −14.4 ± 0.3 0.65 ± 0.04 −10.6 ± 0.4
2.25 < z < 3.50 0.60 ± 0.04 −4.3 ± 0.4 1.00 ± 0.05 −12.2 ± 0.5 0.53 ± 0.07 −9.3 ± 0.7
Quiescent
0.10 < z < 0.65 0.40 ± 0.14 −4.5 ± 1.5 0.58 ± 0.17 −9.9 ± 1.9
0.65 < z < 1.30 0.37 ± 0.15 −3.6 ± 1.6 0.41 ± 0.16 −7.4 ± 1.7 - −3.38 ± 0.07
1.30 < z < 2.25 −0.2 ± 0.5 3.1 ± 4.9 0.5 ± 0.2 −7.6 ± 2.4
2.25 < z < 3.50 - - 0.59 ± 0.18 −7.9 ± 2.0
Starburst
0.10 < z < 0.65 0.73 ± 0.05 −5.8 ± 0.5 0.86 ± 0.09 −11.0 ± 1.0 0.36 ± 0.12 −7.9 ± 1.3
0.65 < z < 1.30 0.61 ± 0.03 −4.3 ± 0.3 0.86 ± 0.10 −11.1 ± 1.1 0.22 ± 0.11 −6.7 ± 1.2
1.30 < z < 2.25 0.54 ± 0.07 −3.1 ± 0.8 1.08 ± 0.11 −12.8 ± 1.2 0.54 ± 0.15 −9.6 ± 1.6
2.25 < z < 3.50 0.59 ± 0.14 −3.4 ± 1.5 1.0 ± 0.7 −12.5 ± 7.3 0.44 ± 0.72 −9.2 ± 7.8
elliptical galaxies are of a different nature than the local ones
and have higher percentages of gas (Gobat et al. 2018), but part
of the emission could also originate in dust cirrus illuminated
by older stellar populations (Draine & Li 2007; Béthermin et al.
2015). Another factor that may be contributing to the evolution
we see is a small fraction of misclassified star forming galaxies
at high redshift. This may be because of galaxies emitting in the
MIPS band but below detection threshold or from cross contam-
ination in the NUV−r/r − J, since there is a higher uncertainty
in the estimation of the rest-frame magnitudes necessary for the
classification with the color-color diagram. Overall it is not pos-
sible to say whether this evolution in time and mass dependence
of quiescent galaxies and their mass dependence is significant,
especially since we are able to constrain only these high mass
bins.
For comparison with star forming galaxies we note that the
median SFRUV of the quiescent sample is smaller than the me-
dian SFRIR by a factor of ∼ 15 (see Table A.2), so the SFRUV is
negligible in most cases.
We are better able to constrain the BHAR at all redshifts and
see both a redshift evolution and weak stellar mass dependence
with a slope ∼ 0.5 — even though given the small number of
data points it is difficult to analyze the slope evolution. We see
a higher normalization in BHAR than in SFR, i.e., the normal-
ization of the BHAR is similar to the normalization of BHAR
in star forming galaxies while the SFR of quiescents is clearly
lower than that of star forming galaxies. This points in the di-
rection of a higher efficiency in accreting material onto the black
hole than in forming stars in galaxies in this late stage in the life
of galaxies: the gas present in the galaxy “prefers” to fall into the
black hole rather than form stars. This is consistent with the re-
sults of Gobat et al. (2018) who find substantial gas availability
at high redshift in quiescent galaxies which then probably gets
consumed less efficiently than in star forming galaxies.
The ratio of the BHAR/SFR of quiescent galaxies, for the
few mass and redshift bins where it was possible to constrain
both, shows a flat trend in mass compatible with a constant value
of 4.2 × 10−4 at all redshifts and M∗. This value, obtained as a
weighted mean of the data points, is a confirmation of the trends
we have seen for BHAR and SFR: it is compatible with the val-
ues obtained for the highest mass bin of star forming galaxies
indicating that, despite the fact that a galaxy’s ability to form
stars has decreased in these galaxies, the efficiency to attract the
gas to the BH did not.
6.3. Starburst galaxies
In the right column of Figure 3 we show the starburst sample.
FIR selected starbursts have, by selection, higher SFR than nor-
mal SF galaxies with a clear evolution in time and a positive
dependence on M∗.
In starburst galaxies, the BHAR shows a close to linear de-
pendence on mass and a weak evolution in redshift: values range
in about one ∼ 1 dex, but we can see that the highest redshift
bin has a lower normalization than the previous one, differently
from what seen in the other galaxy life phases. This decrease in
BHAR, which is not as pronounced as the one of star forming
galaxies (about ∼ 1.5 dex) makes them slowly become "star-
burst" (i.e., above main sequence galaxies) also in the BH accre-
tion, going to lower redshift.
There is no clear evolution in the normalization of the
BHAR/SFR ratio, but it is interesting to note that the highest
redshift bin is the one with the lowest normalization, indicating
that in these extremely star forming galaxies BH accretion was
disfavored at higher redshifts. The slope seems to be positive and
of about 0.2 − 0.4.
We have tested selecting a starburst galaxy sample using the
main sequence from Rodighiero et al. (2011) with a redshift evo-
lution as in Sargent et al. (2012), SFRMS(z) ∝ (1 + z)2.8. This se-
lection assumes no bending on the main sequence at high stellar
masses and is calibrated up to z ∼ 2. Extrapolating this evo-
lution to higher redshifts results in a higher normalization than
the one from Schreiber et al. (2015), which instead is calibrated
up to z ∼ 5. This starburst selection lead to no significant dif-
ferences in the SFR of the sample but to slightly lower BHAR
values and to not being able to constrain the X-ray luminosities
of starbursts in the highest redshift bin, suggesting that the most
starbursty galaxies accrete their BH even less. This finally re-
sulted in a flatter trend of the BHAR/SFR ratio against stellar
mass.
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6.4. Comparisons with the literature
In Figure 4 we compare our results for the star forming sample
with the literature. We show our data-points from Figure 3, left
column. and compare them with Yang et al. (2018) as solid lines,
Aird et al. (2019) as a beige dashed line, and from Delvecchio
et al. (2019) as a violet dot-dashed line.
Our data points are in qualitative agreement with those from
Yang et al. (2018) in the three panels. Yang et al. (2018) select
their star forming sample from GOODS-N, GOODS-S and COS-
MOS UltraVISTA DR1 based on SFR from SED fitting (with
a threshold at 1.3 dex below the main sequence - SFR sources
are Santini et al. (2015), Barro in prep.). Their average SFR are
slightly higher than ours. They also find that the BHAR of the
lowest redshift bin has a greater separation than the one between
the other bins.
The BHAR/SFR ratio of Aird et al. (2019) has a linear trend
with mass with a higher slope than ours. Their BHAR are ob-
tained with the same method of Aird et al. (2018). Their SFRs
are from SED fitting from the UV to MIR, therefore not includ-
ing the FIR. This, together with the constant bolometric correc-
tion they use, could lead to the higher slope value.
We compare our data-points also with the relation found
by Delvecchio et al. (2019) through an empirically motivated
model that successfully reproduces the observed X-ray Lumi-
nosity function (XLF) since z ∼ 3. With this model they find a
growth in two steps: until the galaxy reaches a critical mass the
BH growth lags behind it and then, as the stellar mass increases,
the BHAR ends up being enhanced with respect to the SFR, fol-
lowing a superlinear relation very similar to ours, except for an
offset of ∼ 0.1 − 0.3 dex.
7. Comparison between the evolutions of sBHAR
and sSFR
We compute the average sSFR (i.e., specific SFR, SFR/M∗) and
the sBHAR (i.e., specific BHAR, BHAR/MBH) for all the bins in
M∗ and z.
7.1. Black hole mass estimation
In order to estimate the black hole mass MBH we consider the fits
in the bottom panels of Fig. 3 and in the right column of Table 3,
obtained from the Equation
log
BHAR
SFR
= α log M∗ + β. (7)
The general equation used for the computation is
log
BHAR
SFR
= log
M˙BH
M˙∗
= log
∂MBH
∂M∗
= α log M∗ + β, (8)
which is valid only under the assumption that the growth rates of
both stellar and BH mass are constant in time, but the fact that the
ratios we measure show almost no evolution up to z ∼ 3.5 seems
to be justifying this assumption. By integrating Equation 8 with
respect to the stellar mass we obtain the estimate of the MBH of
each stellar mass and redshift bin:
MBH =
10β
1 + α
M1+α∗ , (9)
where α and β are the same parameters on Table 3 and are the
ones we use in the computation. Notice that from Eq. 9 follows
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Fig. 4. Comparison between our results for star-forming galaxies and
data from Yang et al. (2018), Aird et al. (2019) and Delvecchio et al.
(2019). Data points are taken from Figure 3, left column, while curves
come from from Figure 14 in Yang et al. (2018) and were scaled to the
same k-correction adopted in this work. Data from Aird et al. (2019) are
from Fig. 13.
that the BH mass has a superlinear dependence on stellar mass
in star forming and starburst galaxies, while MBH has a linear
dependence on M∗ in quiescent galaxies.
If instead of performing an indefinite integral we integrated
between the initial masses (M∗,i and MBH,i) and the final (ob-
served) ones, the integrated Equation 8 would become:
MBH =
10β
1 + α
(M1+α∗ −M1+α∗,i ) + MBH,i, (10)
But we assume the initial BH mass to be smaller by at least an
order of magnitude (. 105M∗) than the final one, therefore it is
negligible. The initial stellar mass instead we cannot tell how it
would be, and since we are subtracting it, our MBH is an upper
limit. We therefore decide not to use the complete expression of
MBH in Eq. 10 but the one in Eq. 9.
7.2. Results on the specific accretions
Figure 5 shows the redshift evolution of the sBHAR (estimated
using MBH from Eq. 9) and sSFR for star forming, quiescent
and starburst galaxies. Both the sBHAR and the sSFR have a
decreasing trend toward lower redshift for the three galaxy types
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Fig. 5. Specific black hole accretion rate (sBHAR, left panel) and specific star formation rate (sSFR, right panel) as a function of redshift for
star-forming (SF, in green), quiescent (Q, in red) and starburst (SB, in purple) galaxies. The data points are placed at the median redshift of
each mass bin and they are coded in shape and color according to their median mass and type. Error bars represent the 90% confidence interval
associated with each measure. We show an upper limit (the 95th percentile) for the data points whose sBHAR/sSFR 5th percentile is compatible
with zero and for starburst galaxies at high redshift and low mass where we are incomplete. The dot-dashed line is the best fit of the data to the
curve sBHAR(sS FR) = δ (1 + z)γ and is color coded according to the galaxy type and mass bin.
and we can see a splitting in stellar mass: low-mass galaxies have
higher values than high-mass galaxies, although this splitting is
often not significant within the error bars.
These trends confirm what was already known about these
specific accretions and provide new interesting insight. The
spread in stellar mass is consistent with downsizing: implying
that high mass galaxies have accreted most of their M∗ and MBH
at high redshift and had a fast and steep decrease in their ac-
cretion, whereas low mass galaxies have accreted their mass
more slowly but with a slower decrease of their accretion rate
in time. Downsizing has already been observed for both stellar
mass (Cowie et al. 1996; Cimatti et al. 2006) and black hole lu-
minosity (e.g., Marconi et al. 2004 but also Shankar et al. 2004,
2009; Aversa et al. 2015 who reached similar conclusions from
continuity equation arguments). In our plots downsizing can be
observed via the slope γ becoming higher going to higher masses
in star forming and starburst galaxies and in both specific ac-
cretions, indicating a faster decrease for higher masses. Down-
sizing can also be seen through the high mass galaxies (darker
data-points), which show on average lower sSFR(sBHAR) than
lower mass ones, meaning that at even at the higher redshifts that
we can observe the most massive galaxies have already accreted
most of their stellar and black hole mass — even though within
the error bars sSFR (sBHAR) data-points are often compatible
with a unique value for all stellar masses at a given redshift. In
particular, this trend would not be present in star-forming galax-
ies without introducing the dependence of the black hole mass
on the slope α from Equation 7.
We show in Figure 5 the best fits to the data adopting a red-
shift evolution of the form sBHAR (sSFR)= δ (1 − z)γ which
we applied to each mass bin for all galaxy types whenever at
least three data points were available3. Both the sSFR and sB-
HAR for star-forming and starburst galaxies are compatible with
γ = 2.8 as in Sargent et al. (2012) within 1σ, but it is not the
case for quiescent galaxies, which have higher slopes showing
3 Fits performed with IDL/MPFIT (Markwardt 2009)
steeper decreases of specific accretions in time. Interestingly, we
do not notice any significant exponent difference between sB-
HAR and sSFR at given galaxy type. Considering that there may
be a small contribution from misclassified star forming galax-
ies in the quiescent sample, especially at high redshift, the real
trend may be even flatter, getting closer to a slope γ = 2.8. We
do see a difference in the normalizations of the relations which
show lower specific accretions for quiescent galaxies, followed
by SF galaxies and finally starburst, which tend to have higher
specific accretions. When comparing the normalizations for the
two specific accretions they are very similar in the case of star-
burst galaxies, while star forming galaxies have a higher nor-
malization for the sBHAR and quiescent galaxies show higher
sBHAR than sSFR at high z.
Since the inverse of sSFR and sBHAR can be considered as
the mass-doubling time-scale of the M∗ and of the SMBH, this
means that both the stellar mass of the galaxy and the SMBH
are being accreted faster in starburst and star-forming galax-
ies, which especially at high redshift are still efficient and can
quickly double their mass. Quiescent galaxies instead, are slower
and have mass-doubling time-scales on the order of a Hubble
time or more. The BH mass doubling time of star forming galax-
ies instead seems to be shorter than the stellar mass one at every
redshift and mass bin.
Such similar evolution trends between sBHAR and sSFR are
strongly suggestive of a connection between the two accretions
which appears to be present in all galaxy life phases. Star form-
ing galaxies appear to be dominating the accretion histories be-
ing the most numerous and being able to substantially accrete
their stellar and BH masses. Starburst galaxies, with an enhanced
capability of accretion but short lived episodes, and quiescent
galaxies, despite having smaller accretion capabilities, seem to
be able to accrete their BH more than their stellar mass.
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Table 4. Fit parameters of the relations in Fig. 5. The equation used is sBHAR (sSFR)= δ (1 + z)γ.
Mass bins sBHAR parameters sSFR parameters
log10(M∗/M) δ γ δ γ
Star forming
9.5–10.0 0.2 ± 0.3 2.9 ± 1.8 0.28 ± 0.13 1.8 ± 0.5
10.0–10.5 0.3 ± 0.3 2.0 ± 0.9 0.17 ± 0.09 2.4 ± 0.6
10.5–11.0 0.18 ± 0.14 2.6 ± 0.8 0.11 ± 0.05 2.5 ± 0.5
11.0–12.0 0.06 ± 0.04 2.9 ± 0.7 0.039 ± 0.016 2.9 ± 0.4
Quiescent
10.0–10.5 0.0015 ± 0.0012 5.6 ± 0.9 - -
10.5–11.0 0.0016 ± 0.0009 4.4 ± 0.7 0.0017 ± 0.0012 4.7 ± 1.0
11.0–12.0 0.0004 ± 0.0003 5.8 ± 0.8 0.0017 ± 0.0013 3.5 ± 1.1
Starburst
9.50–10.25 - - - -
10.25–10.75 2.3 ± 1.6 1.7 ± 0.9 0.8 ± 0.4 2.6 ± 0.5
10.75–11.50 0.7 ± 0.4 2.4 ± 0.6 0.5 ± 0.2 2.6 ± 0.5
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Fig. 6. Comparison between our M∗ and MBH from Eq. 9 and param-
eters α and β from Table 3 for star forming galaxies and results from
models in literature. Data from this work are shown in solid lines and
color coded according to redshift as in Fig. 3 and 4. The gray shaded
area is the confidence range for Savorgnan & Graham (2016) and the
light green one is the confidence range for Shankar et al. (2016).
8. The relation between stellar and black hole mass
In Figure 6 we show our best-fit resulting MBH-M∗ relations
for star-forming galaxies derived from Eq. 9 with parameters
from Table 3. These are superlinear relations with approximately
MBH ∝ M1.6∗ . Our stellar masses are to be considered lower limits
since, as pointed out in Bell et al. (2003), stellar masses obtained
using Bruzual & Charlot (2003) models lead to lower mass-to-
light ratios and therefore to systematically lower stellar mass es-
timates at a given luminosity. A possible correction of our stellar
masses in order to better agree with Bell et al. (2003) (increase
of ∼ 0.25 dex) would further support our results.
Our relations are significantly below in normalization with
respect to the MBH-M∗ relations characterizing the “secure” total
and early-type samples of local galaxies with dynamically mea-
sured SMBHs by Savorgnan & Graham (see Shankar et al. 2016,
2019, for details). On the other hand, our resulting scaling rela-
tions are in good agreement with the ones proposed by Reines
& Volonteri (2015) from local broad line AGN, and the “intrin-
sic” scaling relation by Shankar et al. (2016). The latter have
in fact suggested that the local sample of (mainly) early-type
galaxies with dynamically-measured supermassive black holes
may be biased due to a pre-selection favouring the galaxies with
the largest black hole masses and related gravitational radii. As
recently suggested by Shankar et al. (2019), AGN samples that
are clearly not affected by resolution-related selections effects,
should be closer to the intrinsic scaling relations. The present
study further supports this view.
We note that our normalization is inversely proportional to
the radiative efficiency assumed in Eq. 5. To match the normal-
ization of the local MBH-M∗ relation by Savorgnan & Graham
would require an order of magnitude lower mean radiative effi-
ciencies, which are disfavoured on other grounds (Shankar et al.
2020).
Our present analysis adds key evidence, using IR data, to
an increasing body of work (Delvecchio et al. 2019; Ding et al.
2020; Shankar et al. 2020; Suh et al. 2020) on the weak evolution
in the BHAR/SFR, and its relatively low normalization relatively
to local raw dynamical MBH-M∗ relations.
9. Conclusions
We performed a statistical study on the COSMOS field in or-
der to constrain the history and the co-evolution of star forma-
tion and black hole accretion in star-forming, quiescent and star-
burst galaxies. We selected a mass complete sample from the
COSMOS 2015 catalog (Laigle et al. 2016), classifying normal
star-forming and quiescent galaxies through the NUV−r/r − J
color-color diagram while we selected starburst galaxies from
the Herschel selected sample in Gruppioni et al. (2013). We per-
formed an X-ray stacking analysis and combined it with detected
sources from Civano et al. (2016) in order to estimate average X-
ray luminosity and therefore average BHAR. We estimated SFR
from FIR stacking and UV SED fitting. Our main results are here
summarized:
1. We find a robust LX −M∗ relation for star forming galaxies
at all considered redshifts. This relation evolves with an in-
creasing normalization at higher redshifts. Quiescent galax-
ies show an X-ray luminosity close to that of star forming,
especially at low masses while at high masses they tend to
have lower values of LX than star forming galaxies. Star-
burst galaxies have X-ray luminosities that are compatible
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with star forming at high redshifts and have a mild evolu-
tion down to low redshift, where they are well above the star
forming galaxies.
2. The LX −M∗ relation translates into a BHAR-M∗ relation in
Fig. 3 (middle row) which shows that the evolution of the
BHAR in star forming galaxies is faster at lower redshifts,
it has a pronounced redshift evolution and a weak mass de-
pendence in quiescent galaxies, and in turn starburst galaxies
have marked mass dependence and a distinctive redshift evo-
lution: going back in time it reaches a maximum at z ∼ 1.7
to then decrease again.
3. BHAR in star forming galaxies increases more with stellar
mass than the SFR. In quiescent galaxies the BHAR has val-
ues close to the BHAR of star forming galaxies, while the
SFR of quiescent galaxies which is clearly below the main
sequence. It is interesting that while the SFR of starburst
galaxies keeps increasing going to higher redshifts, at the
highest redshift in our study the BHAR of these galaxies de-
creases.
4. The ratio between BHAR and SFR in star forming and star-
burst galaxies has a positive relation M∗ that is almost time-
independent. The ratio is higher for quiescent galaxies, com-
patible with a flat trend in M∗ indicating indicating a stronger
tendency for this type of galaxy to accrete onto the BH than
to form stars, independently of the stellar mass. From this
follows that MBH has a superlinear dependence on M∗ in star
forming and starburst galaxies and linear in quiescent galax-
ies.
5. sBHAR and sSFR follow very similar decreasing trends in
time. We see signs of downsizing in all kinds of galaxies, a
faster accretion (of both MBH and M∗) in starbursts followed
by star forming galaxies and finally by quiescent galaxies
with mass-doubling time-scales on the order of a Hubble
time.
6. The resulting MBH-M∗ relation from our data is in good
agreement with independent determinations of the relation,
retrieved from AGN samples and Monte Carlo simulations.
All of these results confirm the host galaxy-black hole co-
evolution following the pattern of downsizing at all redshifts and
in different galaxy evolutionary phases. In this picture the bulk
of both the black hole and stellar mass are accreted in galax-
ies during the main sequence phase through secular processes,
where more massive galaxies are more efficient at accreting the
black hole. Starburst episodes play a lesser role for both accre-
tions given the small percentage of galaxies in this phase and the
small ability of these episodes to enhance black hole accretion
at high redshifts. The deeper potential well of more massive and
possibly more compact galaxies seems to be playing a role in
feeding the BH more efficiently both in star forming and star-
burst galaxies. In the quiescent life phase of galaxies the black
hole accretion is not as penalized as the star formation. Given the
gas availability found by Gobat et al. (2018), this gas may not go
to star formation because of different galactic properties in the
different life phases (e.g., disk/bulge dynamics), but to accrete
the black hole. Finally, we find additional evidence suggesting
that the MBH-M∗ may have a lower normalization than the local
dynamical one.
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Appendix A: Sample properties
We report the Tables with additional properties of our sample.
Table A.1 is for star forming galaxies, Table A.2 is for quiescent
galaxies and Table A.3 is for starbursts.
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Table A.1. Properties of the star forming galaxies sample. For each mass and redshift bin we show the median mass and redshift, the number of
stacked and detected galaxies in the 2-7 keV band. We also show X-ray luminosity, SFR estimated from the FIR and obscured SFR from the UV.
Quantities are medians, confidence ranges are 1σ.
Mass range M∗ z Nstacked Ndetected L2-10 keV SFRIR SFRUV
log10(M∗/M) log10(M∗/M) 1042 erg s−1 M yr−1 M yr−1
0.10 < z < 0.65
9.5–10.0 9.72 0.46 4244 19 0.023+0.007−0.007 2.22
+0.08
−0.07 0.500
+0.012
−0.011
10.0–10.5 10.21 0.45 2514 75 0.142+0.009−0.009 5.68
+2.67
−0.17 0.479
+0.013
−0.018
10.5–11.0 10.70 0.45 1214 117 0.639+0.015−0.015 14.2
+0.7
−0.7 0.56
+0.03
−0.02
11.0–12.0 11.14 0.43 239 38 1.550+0.038−0.036 15.7
+2.2
−2.4 0.76
+0.07
−0.11
0.65 < z < 1.30
9.5–10.0 9.72 0.97 15431 56 0.15+0.02−0.02 4.70
+0.14
−0.13 1.051
+0.009
−0.011
10.0–10.5 10.22 0.97 7957 175 0.66+0.03−0.03 14.9
+0.3
−0.3 0.854
+0.018
−0.015
10.5–11.0 10.69 0.95 3888 370 2.67+0.05−0.05 26.8
+0.5
−0.5 0.856
+0.023
−0.016
11.0–12.0 11.15 0.95 761 142 5.13+0.12−0.12 37.1
+2.7
−2.1 1.29
+0.08
−0.13
1.30 < z < 2.25
9.5–10.0 9.80 1.64 13451 47 0.35+0.09−0.08 10.4
+0.6
−0.6 2.17
+0.02
−0.02
10.0–10.5 10.22 1.73 11334 177 1.47+0.09−0.10 30.2
+0.7
−0.7 1.62
+0.03
−0.03
10.5–11.0 10.69 1.74 5273 368 5.97+0.17−0.16 57.0
+1.5
−1.5 1.18
+0.02
−0.02
11.0–12.0 11.12 1.76 954 172 18.21+0.43−0.45 97.0
+4.6
−4.7 1.46
+0.04
−0.06
2.25 < z < 3.50
9.5–10.0 9.92 2.69 1264 3 0.8+0.8−0.9 14.9
+8.6
−6.7 4.72
+0.15
−0.17
10.0–10.5 10.22 2.77 7159 98 2.9+0.4−0.4 68.2
+4.4
−4.1 4.49
+0.07
−0.08
10.5–11.0 10.68 2.73 2726 166 14.9+0.6−0.6 139.4
+9.1
−9.1 2.78
+0.06
−0.05
11.0–12.0 11.13 2.69 466 70 35.5+1.6−1.5 243.4
+16.3
−14.8 2.44
+0.12
−0.14
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Table A.2. Same as Table A.1 for the quiescent galaxies sample.
Mass range M∗ z Nstacked Ndetected L2-10 keV SFRIR SFRUV
log10(M∗/M) log10(M∗/M) 1042 erg s−1 M yr−1 M yr−1
0.10 < z < 0.65
10.0–10.5 10.27 0.47 867 12 0.060+0.017−0.018 0.40
+0.07
−0.09 0.017
+0.002
−0.002
10.5–11.0 10.74 0.47 830 19 0.061+0.018−0.015 0.51
+0.12
−0.10 0.026
+0.004
−0.004
11.0–12.0 11.16 0.50 271 14 0.177+0.035−0.035 0.96
+0.21
−0.22 0.074
+0.010
−0.017
0.65 < z < 1.30
10.0–10.5 10.30 0.93 2594 19 0.18+0.04−0.05 1.3
+0.3
−0.4 0.083
+0.002
−0.002
10.5–11.0 10.75 0.94 3354 72 0.41+0.04−0.04 2.2
+0.3
−0.2 0.130
+0.003
−0.004
11.0–12.0 11.15 0.93 1107 25 0.47+0.08−0.08 2.8
+0.5
−0.4 0.172
+0.009
−0.010
1.30 < z < 2.25
10.0–10.5 10.25 1.58 769 9 0.6+0.3−0.3 − 0.279+0.013−0.011
10.5–11.0 10.75 1.57 1534 25 1.2+0.2−0.2 7.4
+0.8
−0.8 0.307
+0.008
−0.008
11.0–12.0 11.14 1.59 532 8 1.8+0.4−0.4 6.0
+2.1
−3.0 0.400
+0.021
−0.012
2.25 < z < 3.50
10.0–10.5 10.32 2.56 105 3 8.4+2.5−2.6 − 1.25+0.22−0.06
10.5–11.0 10.75 2.52 272 7 2.6+1.5−1.5 − 1.15+0.06−0.07
11.0–12.0 11.12 2.48 66 6 22.2+3.6−3.6 − 1.71+0.18−0.15
Table A.3. Same as Table A.1 for the starburst galaxies sample. We only use SFRIR for this sample.
Mass range M∗ z Nstacked Ndetected L2-10 keV SFRIR
log10(M∗/M) log10(M∗/M) 1042 erg s−1 M yr−1
0.10 < z < 0.65
9.50–10.25 9.87 0.53 58 4 0.36+0.09−0.09 22
+4
−2
10.25–10.75 10.52 0.53 6 5 4.68+0.40−0.41 74
+20
−9
10.75–11.50 10.96 0.52 2 3 6.64+0.67−0.68 143
+5
−1
0.65 < z < 1.30
9.50–10.25 9.90 0.95 162 7 0.8+0.2−0.2 66
+3
−3
10.25–10.75 10.42 1.04 161 10 2.5+0.3−0.3 131
+5
−2
10.75–11.50 10.91 1.08 43 5 6.2+0.6−0.6 280
+15
−16
1.30 < z < 2.25
9.50–10.25 10.01 1.76 57 1 − 222+15−18
10.25–10.75 10.50 1.74 145 24 15.1+1.2−1.2 331
+16
−9
10.75–11.50 10.89 1.79 78 23 40.8+2.0−2.0 536
+34
−23
2.25 < z < 3.50
9.50–10.25 10.07 2.48 5 0 − 384+14−41
10.25–10.75 10.53 2.59 64 2 8.3+4.5−4.1 739
+27
−26
10.75–11.50 10.90 2.68 46 7 20.1+5.5−5.3 1229
+148
−139
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